BPST AVAILABLE COR 




SUBMITTED OR TRANSMITTED IN 
COMPLIANCE WITH RULE 17 1(a) OR (b) 



u 
o 



BEST AVAII*ABUi COPY 



c 

H 
O 



PROVISIONAL APPLICATION FOR PATENT COVER SHEET 

This is a request for filing a PROVISIONAL APPLICATION under 37 CFR 1 .53 (b)(2). 



Doctel ftumber 



UCON/140/US 



Typaa ptus l+l 
mude ths bo* - > 



INVENTOR(sHAPPLlCANTls) 



MIDDLE wmAl fifStDEHCE (CITY AMD EITHER STATE OR PORCIGW COUWTBY1 



Maknyannis 



Alexandros 



Watertown, MA, USA 



Lin 



Sonyuan 



Storrs, CT, USA 



TITLE OF THE INVENTION (280 characters max) 



Anandamide Transporter Inhibitor Medications 



C0RRESPONDFNCF ADDRFSS 



James E. A fix, Esq. 
AHx. Yale & Ristas, LLP 
750 Main Street 
Hartford 



CUSTOMER NO. 002543 



STATE CT 



ZIPCOOE 06103-2721 



COUNTRY V S.A. 



ENCLOSED APPLICATION PARTS (check atl that apply) 



SpeofaotK>n Number & Ptga 



Small Entrty Sutement 
Other {ipeafyt 



METHOD OF PAYMENT OF FILING FEES FOR THIS PROVISIONAL APPLICATION FOR PATENT tehee* one. 



A cfwtfc or money Wfltf <3 tndsttd le covet the fling ten 

The CoiTVTMttioner a itsrebt »«/lhon»d lo charge 

fdstg fees mnC cttttt Deposit Aecowt Number. — 



FILING FEE 
AMOUNT If) 



16-256? 



$ 15Q 



The rnvermon wa midi by *n aaency o» the L/nrted States Government or under * contract wirh an agency of the uratid States Government 
JL No 

Yes, the name of the U S. Government agency end the Government contract number are: 



Respect iu»y submitted, 



typsd or printed name James E. AHx 



Due _ June 9, 199B 

REGISTRATION MO. 20.736 



AdrfTl tonal inventors art being name* on separately raimbarad ineeU an ached hereto. 

EXPRESS MAIL matting label number EL 052 086 112 US 

oataotDapoM June 9. 1 99S 

t hereby cartrfy that ths paper or tee a bono deposited wiih the Umet) States Postal Service "Eipness Mail Post Office to Addressee* 
1.10 on the date mdcated above am) <s addressed to the Commtsstoner Df Patents and Trademark*, Waahrngton, 0 C 20231 . 



service under 37 CFR 



Rose A. Smollen 

USE ONL Y FOR FIUNG A PROVISIONAL APPLICA TION FOR PA TENT 

SEND TQ: Box Provisional AppBcation. Assistant Commissioner for Patents, Washington, DC 20231. 



BEST AVAILABLE COPY 



Anandamide Transporter Inhibitor Medications 



INVENTION DISCLOSURE Page 1 Disclosure No.. 



(1) COMPLETE DESCRIPTION OF THE INVENTION: Use additional pages, if necessary, and attach any relevant sketches, 
diagrams, drawings, photographs or other illustrative material. ALL ATTACHED MATERIALS MUST BE SIGNED 
AND DATED BY EACH INVENTOR AND WITNESSED. Description may be by reference to a separate document such 
as a publication, manuscript, preprint or report. Such documents must be attached. 

A carrier protein that transports extracellular anandamide across the cell membrane has 
been shown to be present in rat neurons and astrocytes. This carrier protein or anandamide 
transporter is believed to be responsible for the inactivation of anandamide, an endogenous 
cannabinoid for central cannabinoid receptors. Thus, anandamide released from neurons on 
depolarization is rapidly transported back into the cells and subsequently hydrolyzed by an 
amidase thereby terminating its biological actions. Anandamide transporter is a potential 
... therapeutic target for the development of useful medications. 

We have discovered a phenolic analog of anandamide namely N-(4- 
l\ hydroxyphenyl)arachidonylamide (AM404) which inhibits the transport of anandamide across 
£j the cell membranes. AM404 does not activate cannabinoid receptors or inhibit anandamide 
^ hydrolysis per se. However, it does potentiate receptor-mediated anandamide responses by 
preventing anandamide reuptake. Continued on Supplement Page 

j£ 

(2) NOVEL FEATURES: Clearly specify the novel aspects of your invention. Compared to present technology, how is your 
t invention different? 

Q 

I* AM404 is a potent inhibitor of anandamide transport and it is the only compound known todate 
that competitively inhibits anandamide reuptake. 

He- 
ll What deficiency in the present technology does your invention improve upon? Is it more effective? cheaper? superior in 
we other ways? 

Present cannabinoid drugs are targeted towards cannabinoid receptors (CB1 and CB2) 
and anandamide amidase enzyme. AM404 described in this invention targets a novel protein 
called anandamide transporter. 

(3) STAGE OF DEVELOPMENT: Cite your specific results to date demonstrating that your concept is valid. Has your work 
included laboratory studies? Pilot-scale experiments? Construction and testing of a prototype? 

AM404 inhibited accumulation of anandamide in rat neurons and astrocytes with an IC 50 
of luJ4 for neurons and 5|iM for astrocytes. In addition, AM404 potentiated and prolonged 
receptor-mediated effects of anandamide such as vasodialation. These experiments further 
support that[AM404 is an inhibitor of anandamide transport. 

lnventor(s) l! \ L_iZ_ I / / Datt__Li__ Disclosed to and Understood by 
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INVENTION DISCLOSURE FORM 



Disclosure No. 



Continued from page 1, item I: 

Structural formulas for AM404 and anandamide are shown below. 

o 



3 



AM404 



.OH 



Anandamide 




AM404 and its analogs axe potential drug candidates for the treatment of ailments related to the 
cannabinoid system. Potential therapeutic uses of AM404 are pain alleviation (analgesia), 
treatment of cardiovascular diseases and blood pressure disorders. 
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INVENTION DISCLOSURE 



Page 2 



Disclosure No.. 



(4) VARIATIONS OF THE INVENTION: Discuss alt alternate forms that you can foresee for this invention, whether or not 
you have evaluated them to date. (For example, chemical inventions should consider analogs and derivatives.) 




Retro- AM 404 



R*CHjOr(CH 3 ) a 



C 



AM404 was first synthesized in March 1993 and tested in July 1997 as anandamide transport 
inhibitor 

(6) INVENTOR'S PUBLICATION PLANS: Please list all your publications - theses, reports, pre-prints, abstracts, papers, 
etc. that pertain to the invention. Include publication dates. Also, include manuscripts for publication (submitted or not)! 
news releases, and internal publications. Enclose copies of all the above items with this disclosure. 

Beltrarno, WL; Stella. N.; Calignano, A.; Lia^.; Malcrivannis. A.t Piometli, D. Functional Role of High Affinity 
Anandoude Transport Inhibitor, as Revealed by Selective Inhibition. Science 1997, 277, 1094. (iv» c /*<l«J^ ^ CLS><£) 

BioWorld Today. Volume 8(162), August 21. 1997. 

(7) PRIOR DISCLOSURE: Please give the details (date, place and circumstances) of any oral or written disclosures of all or 
part of this invention. If disclosed to specific individuals, give their names. Include professional meetings and conferences. 
Has this invention or a product resulting from this invention been offered for sale or license7 Have any samples related to 
thh invention been distributed? 



No prior disclosure 



Inventor(s) 1. 1^ Date 1 1 " Disclosed tpjnd Understood by: 

2. )m^mX^rZ__ **fok f> (ftLJk^ Da telML f 
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INVENTION DISCLOSURE Page 3 Disclosure No.. 

SUPPORTING INFORMATION 



(1) PRIOR KNOWLEDGE AND COMPETING RESEARCH AND DEVELOPMENT: Please list all publications and patents 
by the inventor or others thai relate to the invention. The inventor should thoroughly search the published literature and 
review closely related patents. Publications by the researchers: 

1) Calignano, A.; La Rana. G.; Beltramo, M.; Makrivannis. A .: Piomelli, D. Potentiation of Anandamide 
Hypotension by the Transport Inhibitor, AM404. Eur. J. Pharmacol 1997, 3S7> R1-R2. 2) Calignano, A.; La Rana, 
G.; Makrivannis. A.: Lin. S .: Beltramo, M.; Piomelli, D. Inhibition of Intestinal Motility by Anandamide, an 
Endogenous Cannabinoid. Eur. J. Pharmacol 1997,340, R7-R8. 

List any known research groups currently engaged in research and development in this area. Include both academic and in- 
dustrial researchers. 



None 

(2) ALTER NATE TECHNOLOGY: Describe any known alternate technologies that accomplish the same or similar purposes as 
I £J this invention. List companies and products that currently use these alternate technologies. 

"- tr 

L* None 

^ O) COMMERCIAL APPLICATION OF THE INVENTION: List all products, processes, devices, equipment, etc., to which 
* your invention could be applied or which could result directly from your invention. Can these applications be developed in 
' M the near term (within two years) or the long term (more than two years)7 



Medication lo alleviate pain and treatment of cardiovascular diseases. 
Long term development 

What firms or types of firms do you think may be interested in the invention? Why? Name companies and specific persons 
if possible. Especially list companies with which you have had direct contact. 



Pharmaceutic a] and biotech companies 

(O RESEARCH AND DEVELOPMENT PLANS: What additional research is needed to complete development and testing of 
the invention? Are you actively pursuing the needed work7 Under whose sponsorship? About how long will this work 
take? What additional research support, if any, is needed for these efforts7 
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Page 4 

IDENTIFICATION AND FUNCTIONAL ROLE OF HIGH* AFFINITY AN AND AM IDE 

TRANSPORT 

M BeItramo\ N. Stella", A. Calignano*, S.Y. Lin + , A. Makri}innis + and D, Piomelli*. *The 
Neurosci. last San Diego, CA 92121, # Sch,of Pharm. Univ. of Kaples, Italy 80131, and + Sch. of 
Phann. Univ. of Connecticut, Storrs, CT 06269. 

Anandaxnide (aracbidonylethanolaxnide) is an endogenous lipid that activates brain cannabinoid 
receptors. Two maio pathways have been proposed for anandamu.e inactivation: cellular uptake and 
enzymatic degradation. In the present study we identified and cha acterized pharmacologically a high 
affinity anandamide uptake system in neurons and astrocytes. Exogenous pHJanandaroide (spec, rad.: 
221 Ci/mmol) is rapidly cleared (t 1/2=4 minutes) from the media of aeurons or astrocytes in cell culture 
through a saturable, temperature-dependent and sodiunvindepenc em transport system. This uptake 
displays high affinity for [ 3 H]anandamide (neurons: Km 1.2 micr< iM; astrocytes*. Km 032 microM). 
Competition experiments with fatty acid derivatives* arachidonic ac d, or palmhoylethanolamide proved 
its specificity. Screening of lipid uptake blockers and anandamide :r*alogs led to the identification of a 
compound N-(4-hydroxyphenyI) arachidonylamide (AM404) whic \ is potent and specific in inhibiting 
anandamide transport, but does not activate CB) c&nnabinoii receptors and does not inhibit 
anandamide degradation. In cultures of conical neurons, concentn tions of anandamide higher than 0.3 
microM are necessary to activate CB 1 cannabinoid receptors and to revert fdrskolin-induced adcnyiyl 
cyclase activity. In the presence of AM404 (10 microM) the potency of anandamide is greatly 
increased. By contrast, AM404 has no effect on adcnyiyl cycla >e 'activity when applied aione (10 
microM), and does not potentiate adenyiyl cyclase activity inhiUtion elicited by the CB1 receptor 
agonist WIN-55212-2 (100 nM) or by glmamate (3 microM). Th-: hot-plate model of analgesia in the 
mouse was used to test the functional role of anandamide transport m vivo. Intravenous (Lv) 
administration of anandamide (20 mg/kg) induces a modest, but significant, analgesia which disappears 
60 minuies after the injection and is prevented by SR-141716 (1 m J/Tcg, Lp.). Administration of AM404 
(10 mg/kg. i.v.) has no antinociceptive effect per se within 60 tunutcs of injection, but significantly 
enhances and prolongs anandamide-induced analgesia. The idei tification in neural cells of a high- 
affinity [ 3 H] anandamide transport system and the discovery of s ilective transport blockers should be 
important to understand the physiological role of the endogenous cannabinoid system. In light of the 
multiple behavioral effects of cannabinoid receptor activation, tl ese inhibitors might also open novel 
therapeutic avenues for the treatment of psychiatric and neurologi ;al disorders. 

Woric ai The Newoscieaccs Institute w supported by Nearosciences Rcscar :h Foundation which receives major support 
from Sandox Phann. S.Y. Lin and A- Makriyanais vcre supported by a grant (DA-380I) from N1DA L . 
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Functional Role of High-Affinity Anandamide 
Transport, as Revealed by Selective Inhibition 

M. Beltramo, N. Stella, A. Calignano, S. Y. Lin, A. Makriyannis, 
D. Piomelii* 



Anandamide, an endogenous figand for central cannabinoid receptors, is released from 
neurons on depolarization and rapidly inactivated. Anandamide inactivation rs not com- 
pletely understood, but it may occur by transport into cells or by enzymatic hydrolysis. 
The compound N-{4-hydroitypheny0arach!danytamtde (AM404) was shown to inhibit 
high-affinity anandamtde accumulation m rat neurons and astrocytes in vitro, an indi- 
cation that this accumulation resulted from earner -mediated transport. Although AM404 
did not activate cannabinoid receptors or inhibit anandamtde hydrolysis, tt enhanced 
receptor-mediated anandamide responses in vitro and in vivo. The data indicate thai 
carrier-mediated transport may be essential (or termination of the biological effects of 
anandamide, and may represent a potential drug target. 



Anandamtde (arachidonylethanolamide) 
u an endogenous lipid that activates brain 
cannabinoid receptors and mimics the 
pharmacological effects of o 9 - tetrahydro- 
cannabinol, the active principle of hashish 
and marijuana (I). In humans, such effects 
include euphoria, calmness, dream scares, 
and drowsiness (2). Dcpolariied neurons re- 
lease anandamide (3) through a mechanism 
that may require the calciurn-dependtnt 
cleavage of a phospholipid precursor m neu- 
ronal membranes (4). Like other modulato- 
ry substances, extracellular anandamide ts 
thought to be rapidly inactivated, but the 
exact nature of this inactivating process is 
still unclear. A possible pathway is hydrol- 
ysis to arachidonic acid and echanolamine. 
catatyxed by a membrane -bound fatty acid 
amide hydrolase (FAAH) highly expressed 
in rat brain and liver (5). Nevertheless, the 
low FAAH activity found in bramjjlasma 
membranes indicates that rjui .enzyme" may 
be i ntracellular [5)^a jossibilirv that isjur- 
ther* supp orted bv sfqu^rg_ Mi«ly*«i* of- rat 
F AAH (6 ). Although anandamide could 
gain access to FAAH by passive diffusion, 
the transfer rate is expected to be low be- 
cause of the molecular site of this lipid 
mediator (7). In that other lipids including 
polyunsaturated fatty acids and prostaglan- 
din E, (PCE,) enter cells by carrier-medi- 
ated transport {6, 9). a is possible that 
anandamide uses a similar mechanism. In- 
deed, the existence of » rapid, saturable 
process of anandamide accumulation into 
neural celli has been reported (J). This 

U BeAramo, N Sirts, 0. Pcrrcft, The Heurosoences 

A. CaSgnvo. Schc<* of Pharmacy. Unfcwa* of Nattes 
(U* 80131. 

mtf QtCameaaA. Sign. CTQS2S 9, US*. 



accumubtion may result from the activity 
of a trarismembrane carrier, which may thus 
participate in termination of the biological 
actions of anandamide. Accordingly, we de- 
veloped drug inhibitors of anandamide 
transport and investigated their pharmaco- 
logical properties in cultures of rat cortical 
neurons or astrocytes. 

The accumubtion of exogenous pHlanan- 
d amide by neurons or astrocytes fulfills several 
criteria of a earner-mediated transport (Fig. 1 ) 
(10). It is a rapid process that reaches 50% of 
its maximum within about 4 min (Pig. I A). 
Furthermore, [ 3 H}anandamtde accumulation 
ts temperature -dependent (Fig I A) and satu- 
rable (Fig. I. B and C). Kinetic analyses it- 
vealed thai accumulation in neurons can be 
represented by two components of differing 
affinities (lower affinity. Michaelis constant, 
K m , <= I 2 jiM, maximum accumulation rate. 
V**.. = 90-9 pmofmin per milligram of pro- 
tein; higher affinity: K m = OD32 u,M, V^ = 
5 9 pmot/min per milligram of protein) (Fig. 
IB). The higher affinity component may re- 
flect a binding site, however, as k is displaced 
by the cannabinoid receptor antagonist, SR- 
H1716-A (100 nM) (J I). In astrocytes, 
pHlanandamtdc accumulation is represented 
by a lingle high-affinity component (K m « 
0.32 nM, =I?I pmol/min per milligram 
of protein) (Fig. 1C). Such apparent K m val- 
ues are similar to those of known neurotrans- 
mitter uptake systems (12) and are suggestive 
therefore of high-afTinicr carrier-mediaied 
irartsport. 

To characterize further this putative 
anandamide transport, we used cortical as- 
trocytes in culture As enpected from a se- 
lective process, the temperature -sensitive 
component of ( J Hlanandamide accumula- 
tion was prevented by nonradioactive anan- 
damide, but nor by palmitoylethanobmide, 
arachidonate. prostanoids, or leukotrienes 
(Fig. 2 A). Replacement of extracellular 




0 025 0 05 0.075 0,1 0.125 
VAnanflamlda (nM) 

Fig. HA) Tune course of pHJanarvJanwJe accu- 
mulation n rat conical neurons (evetes) or astro- 
cytes (squares) at 37*C. ana astrocytes at 0* to 
4*C (riamondsV Results are expressed as 
mean = SEM ot 6 to 12 independent cVttermha- 
bons. (B and q Lmeweaver-BurV; analyses ol 
prVianrJarnSde accumulation (3?"C, 4 min) in 
neurons (B) or astrocytes (CJ. Results are from one 
experiment representai'we ot three performed in 
dupteate with each eel type. The fHjananoa- 
rrvde accumulation assay has been descnt*d 
l»0V 



Na* with N-dimeihylglucosamine or cho- 
line had no effect (as percentage of control: 
N-dimethylglucosamine. 124 £ 12%; cho- 
line. 98 r 14%; mean i SEM. n « 6). 
suggesting that I'HJanandamide accumula- 
tion is mediated by a Na "-independent 
mechanism, which has been observed *nth 
orher lipids (8. 9). Moreover, inhibition of 
FAAH activity by creating the cells with 
(£)-6-(bromomethylene)tetrahydro-3-(l- 
naphthalenyl)-2H-pyran-2-one (25 u.M}or 
hnoleyl trifluoro methyl ketone (15 u,M) 
(J 3. M) had no effect (Fig. 2, B and C) 
This indicates that anandamide hydrolysis 
did not provide the driving force for anan- 
damide transport into astrocytes wt>hin the 
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- ^measured after a 4 -min incubation wth pH]anan- 
^flarrpde at 37*0. h the absence (control or pf es- 
sence of rxxiradtoacuve anandamicte (100 mM. 
* , palrrrfloyieU^anotamWe (100 (iM). arachidonate 
« : 000 tiKQ. leukotriene C 4 {LTC 4 ; 1 ^ teukotriene 
B« 1 (i*^. PGE, (100 uM), or Ihromboxane 
B, (TXBj; 50 >iHQ. The broken kne rxjcates 
speak: pKJanandarrtde accumulation in cets 
'»« measured at 0* to 4 a C (O - 3% ot total accumu- 
r-. telion. which n these experiments was 43.104 z 
1249 dpm per wefl). Resorts are expressed as 
mean t SEM |r» » 6 to 9). Effects of Faah vt$>- 
•V (tors on (BJ FAAH act Wry and (C) pHJanandamide 
accumulation In cortical astrocytes. Cets were in- 
II cubaled tor 10 mm with f£h&-(b<omomeirtyt- 
ene)teirahyd^3^^prtthaleriyQ-2H.pyTan-2- 
one (BTNP, 25 >tM) or finoteyi tnfluoro methyl, 
ketone (LyrvTFK, 15 jiM). and then with the same 
drugs pbs pHJanandamide for an additional 20 
min. The tola! rarfoadwty incefl 6p«d extracts (to 
measue pHJanaridarnye transport) (70) and ra- 
doadMty in norvestedfied arachidonate to mea- 
sure FAAH activity} (73) were measured separate^ 
in samples of tpid extracts prepared from the 




time frame of our experiment*. Finally, the 
cannabinoid receptor agonist WlN-55212-2 
(1 u.M) and antagonist SR-141716-A (10 
H-M) also had no effect, suggesting chat 
receptor intemalixation was not involved 
(F»g- 2A). 

A primary criterion for defining carrier- 
mediated transport is pharmacological inhi- 
bition. To identify inhibitors of ananda* 
mide transport, we first examined com* 
pounds that prevent the cellular uptake of 
other lipids, such as fatty acids (phloretin, 
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Fig. 3. tnhioition of pHJanandarrude 
accumutation by bromaesoJ green in 
(A) astrocytes or (B) neurons: One as- 
terisk indcaies P < 0.05 and two as- 
tensks P < 0.01 (analysis of variance 
(ANOVAJ loaowed by Sonferroni test] 
compared with control pHJananda. 
mde accumulation. InhibiUon oi PHJ- 
anandarrcde accumutation by AM404 
isqjaresj or AM403 (diamonds) n (C) 
astrocytes or (O) neurons. The astensk 
mdtcaies P < 005 (paired SluOent s I 
test between AM404 and AM403] triad 
experiments, cefls were incubated won 
the inhibitors (or 10 iron before the ad- 
dition of pHJanandarnide for an addi- 
tional 4 min. Results are expressed as 
mean = SEM of three torwie indepen- 
dent determinations. 



o 0.1 i io too o D.1 1 10 too 
Bromcresol green foiM) tnntetlof (uM) 



50 »tM). phospholipids (verapamil, 100 
jjlM; quinidine. 50 jiM), or TG^ (brom- 
cresol green, 0.1 to 100 uJM) {IS). Among 
the compounds tested, only bromcresol 
green interfered with anandamide trans- 
port, albeit with limited potency and partial 
efficacy (Fig. 3, A and B). Bromcresol green 
inhibited pH)anandamide accumulation 
with an ICjq (concentration needed to pro- 
duce half. maximal inhibition) of 4 p*M in 
neurons and 1 2 u-M in astrocytes and acted 
noncompetittvely (fo*). Moreover, brom- 
cresol green had no significant effect on the 
b.nding of l J H)WlN-55212-2 ro rat cerebet- 
lar membranes (inhibition constant, K t , = 
22 u.M), FAAH activiry in rat brain micro- 
somes (ICjf, > 50 u,M), and uptake of 
['Hlarachidonate or [ 5 HJethanolamine in 
astrocytes (121 ± 13% and 103 ± 12%, 
respectively, at 50 \iM bromacsol green, 
n = 3) {17). The sensitivity to bromcresol 
green, which blocks PGEj transport, raised 
the question of whether anandamide accu- 
mulation occurred by means of a PCEj car- 
rier. That this is not the case was shown by 
the lack of ( 3 H)PGE. accumulation in neu- 
rons or astrocytes (18) and by the inability 
of PGE, to interfere with pHlanandamide 
accumulation (Fig. 2A). Previous results in- 
dicating that expression of PCEj transport- 
er mRNA in brain tissue is not detectable 
further support this conclusion (9). 

To search for more potent anandamide 
transport inhibitors, we synthesized and test- 
ed a senes of structural analogs of ananda- 
mide W9). From this screening, we selected 
the compound rV-(4-bydroxyphcnyl)ar»chi- 
donylamidc (AM404), which was both effi- 
cacious and relatively potent (fig. 3. C and 
D; ICjq was 1 u.M in neurons and 5 \iM in 
astrocytes). As we anticipated from its chem- 
ical structure, AM404 acted as a competitive 



inhibitor (20), suggesting that it may serve as 
a transport substrate or pseudosubstrate. In 
contrast, at the concentrations tested 
AM 404 had no effect on FAAH activity 
(ICjq > 30 jlM) or on uptake of ( J H]arac. 
hidonate ot [^Hfcthanolamine (102 ± 4% 
and 96 r 14%, respectively, at 20 \iM 
AM404, n = 6). Furthermore, a positional 
isomer of AM404. N-(3-hydroxypheny|)- 
arachidonylamide (AM403), was signifi- 
cantly less effective than AM404 in inhibit- 
ing transport (Fig. 3, C and D). These data 
provide pharmacological evidence for the 
existence of a specific anandamide transport- 
er and suggest (i) that neurons and astrocytes 
may act synergistically in the brain to dispose 
of extracellular anandamide and (ti) that the 
transport systems in these two cell types may 
differ kineticaUy and pharmacologically (Ftg. 
I, B and C and Fig. 3, C and D). 

The identification of inhibitors allowed 
us to examine whether transmembrane 
transport participates in terminating anan- 
damide responses mediated by cannabinoid 
receptor activation. Cannabinoid receptors 
of the CB1 subtype are expressed in neurons 
(2J) where they are negatively coupled to 
adenylyl cyclase activity (22). Accordingly, 
in cultures of rat cortical neurons the can- 
nabinoid receptor agonist W1N-55212-2 in- 
hibited forskol in -stimulated adenosine 
3 ',5 '-monophosphate (cAMP) accumula- 
tion (control; 39 i 4 pmol per milligram of 
protein; 3 jiM forskolin: 568 Z 4 pmol per 
milligram of protein: forskolin plus 1 |xM 
WlN-55212-2: 220 r 24 pmol per milli- 
gram of protein), and this inhibition was 
prevented by the antagonist SR-I4I716-A 
(1 jlM) (555 - 39 pmol/mg of protein, n = 
9) (23). Anandamide produced a similar 
effect, but with a potency (IC^ 1 pM) that 
was 1/20 of that expected from is binding 
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constant for CBl carmabmovd receptors (JC ( 
«• 50 nM) {/) (Fig 4A). The transport 
k inhibitor AM104 bound to CBl receptors 
'with low affinity {K. « 1-8 jiM) (/9) and 
drd not reduce cAMP concentrations when 
applied at 10 pJvi (Fig- 4B). Nevertheless, 
the drug enhanced the effect* of ananda- 
mide, increasing the potency (by a factor of 
10) and decreasing the threshold (by a fac- 
tor of 1/100). an effect that was prevented 
by SR041716-A (Fig. 4A). Thus, a con- 
cencration of anandamide that was below 
threshold when applied alone (0.3 
produced an almost maximal effect when 
applied with AM404 (Fig. 4B). Bromcrtsol 
green and AM403, which were less effective 
than AM404 in inhibiting anandamide 
transport (Fig. 3), were also less effective in 
enhancing the anandamide response (Fig. 
4B) Furthermore, the decreases in cAMP 
concentrations produced by WIN-55212-2 
(which stimulates CBl receptors but is not 
subject to physiological clearance) or gluta- 
mate [which stimulates metabotropic recep- 
i tors negatively coupled to adenylyl cyclase 
! (24) and is cleared by a selective transporter 
" (25)) are not affected by any of the anan- 



~l pig. A. (A) Effects of AM4W on arandamtde- 
"» induced rsttbdion oJ actenylyl cyclase adMty in 
corticat neurons. The neurons were sbnValed 
.--"^ with forstein p )tM) n tha presence of anan- 
ZJ, damide {0.001 to 3 u-M; open circles), ananda- 
trite (0.001 to 3 uM) ptrs AM404 (10 ^M) (Wed 
circles), anandamicte (3 »iMJ pius SR-1 4 1 716-A 
(i p.M) (square), or anandamtde (0 3 nM) plus 
;I AM404{l0nM}antJSR-14\716.A(1 »iM)tm- 
angle). (B) Effects of anandamide iransport m- 
2* hbiiors on a/iarxJamK^hduced inrutjiuon of 
j J adenyty cydase actrvrty. Forskofin (FSK>- sfamu- 
feted neurons were rcubaled with AM404. 
"*» AM403, or bromcresc' green (each at 10 *lM) 
vwthout (FSK atone) or wilh (FSK + anandamide) 
0 .3 |iM anarvJamtde. BesuSs are expressed as 
mean z SEM of nine independent determina- 
tons. One asterisk hdcates P < 0.05 and two 
asterisks P < 0.01 (ANOVA followed by Bonier- 
roni test). (C) Effects of AM404 on the analgesic 
activity of anandamide h the Ira! plate test. 
Three groups of six rnce received AM404 [10 
rngAg, htravenovs). anandarnide (20 rngAg. in- 
travenous), or anandamide phjs AM404.Theho4 
ptate test (55.5'Q was performed al the times 
indicated, and latency to Jump (in seconds) was 
measured before (control) and after the drugs 
were "ryected. tn a) groups, latency to jump be- 
fore injections was 2 1 = O.Bsf/i - 18).AIourth 
group of mce received njeclions ol vehicle 
atone (safine contawng 20% oVnethyi sulfoxide), 
which did not affect latency to jump. One aster- 
isk indicates P < 0.05 compared with urinjecled 
controls (ANOVA Wowed by BonJerrom test), 
and one cross tndcates P < 0.0i compared 
with anandamide- treated ammats (Student's r 
test). 
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damide transport inhibitors tested (2d) 

These results suggest that pharmacolog- 
ical blockade of carrier-mediated transport 
piotec:s anandamide from physiological in- 
activation. enhancing the potency of anan- 
damide to nearly that expected from its 
affinity for CBl cannabinoid receptors in 
vitro. To find out whether this potentiation 
occurs in vivo, we tested the effects of 
AM404 on the antinociceptive activity of 
anandamide in mice. Intravenous anan- 
damide (20 mg per kilogram of body 
weight) elicited a modest but significant 
analgesia, as measured by the hot prate test 

(27) (P < 0.05, Studeni's i test), this anal- 
gesia disappeared 60 min after injection and 
was prevented by SR-H1716-A (Bg. 4C) 

(28) . Administration of AM404 { 10 mg/kg, 
intravenously) had no antinociceptive ef- 
fect within 60 min of injection but signifi- 
cantly enhanced and prolonged anandam- 
ide-induced analgesia (Fig. 4C) (P < 001, 
Student's (test). 

Our findings indicate that a high-affin- 
iry transport system present in neurons and 
astrocytes has a role in anandamide inacti- 
vatton by removing this lipid mediator from 



the extracellular space and delivering u to 
intracellular metaboUnng enzymes such as 
FAAH (5. 6) Therefore, the identification 
of selective inhibitors of anandamide trans- 
port should be instrumental in understand- 
ing the physiological roles c*f the endoge- 
nous cannabinoid system and may lead to 
the development of therapeutic agents. 
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